Isolation and purification of the [NiFe] hydrogenase of Desulfovibrio vulgaris Miyazaki F under aerobic conditions leads to a mixture of two states, Ni-A (unready) and Ni-B (ready). The two states are distinguished by different activation times and different EPR spectra. HYSCORE and ENDOR data and DFT calculations show that both states have an exchangeable proton, albeit with a different 1 H hyperfine coupling. This proton is assigned to the bridging ligand between Ni and Fe. For Ni-B, a hydroxo ligand is found. For Ni-A, either a hydroxo in a different orientation or a hydroperoxo-bridging ligand is present.
Introduction
Molecular hydrogen plays an important role in the metabolism of many microorganisms. Both H 2 production and H 2 uptake are catalysed by hydrogenases (see [1] for a review). In standard [NiFe] hydrogenases, catalysis takes place at the active site in the large subunit, a [NiFe] bimetallic centre. Furthermore, three iron-sulphur clusters are present in the small subunit. Crystal structures of [NiFe] hydrogenases are available for the sulphate-reducing bacteria Desulfovibrio gigas [2] , Desulfovibrio vulgaris Miyazaki F [3, 4] , Desulfovibrio fructosovorans [5] and Desulfovibrio desulfuricans [6] . They all have a conserved co-ordination geometry of the active site.
The [NiFe] active site consists of one nickel and one iron atom. The two metals are bridged by two sulphur atoms provided by two cysteine residues. Two more cysteine ligands to Ni are present. Three diatomic molecules, one CO and two CNs, are bound to the iron as shown by FTIR (Fouriertransform infrared) analysis [7] [8] [9] . The aerobically isolated enzyme, referred to 'as-isolated', is predominantly present in the oxidized state and contains a bridging ligand between Ni and Fe, which is presumably an oxygen species [10] . At least seven redox states have been assigned to [NiFe] hydrogenases (see [11] for a review). In the oxidized form, two states coexist; the Ni-A 'unready' and Ni-B 'ready' state, which differ in their activation times, i.e. hours for Ni-A and minutes for Ni-B. Both states are EPR active and EPR experiments by many groups have shown that the unpaired electron resides mainly in a 3d z 2 orbital on Ni. When the enzyme is reduced by two electrons, the so-called Ni-C 'active' state is formed, which is catalytically active. The most reduced state is called Ni-R, which is one electron more reduced than Ni-C, EPR silent and an intermediate in the reaction mechanism of the enzyme.
For the oxidized states Ni-A and Ni-B, the exact nature of the additional bridging ligand is still not clear and its elucidation would be very helpful to understand the oxygen sensitivity of hydrogenases, which leads to inhibition of the enzyme. When the enzyme is oxidized to the Ni-A state, it is inactive and difficult to reactivate. Preliminary X-ray crystallographic data of the Ni-A state indicate the presence of density between Ni and Fe that may be compatible with a bridging ligand with two X-ray-detectable atoms, for example SO, O 2 or OOH − (H. Ogata, S. Hirota and Y. Higuchi, personal communication). The oxygen sensitivity is a problem that has to be overcome before these enzymes can be used for a possible biotechnological hydrogen production as a part of clean fuel cells. To address the question of the identity of the bridging ligand, we performed FTIR, ENDOR (electron nuclear double resonance) and HYSCORE (hyperfine sublevel correlation) spectroscopic measurements and performed DFT (density functional theory) calculations of the oxidized Ni-A and Ni-B states.
Materials and methods

Sample preparation
Hydrogenase of D. vulgaris Miyazaki F was expressed as described previously [12] . To prepare the Ni-A state with maximum yield, as-isolated samples (1.4 mM concentration in 25 mM Tris buffer, pH 7.4) were first mixed with ascorbate and phenazine methosulphate to a final concentration of 20 mM and 200 µM respectively. The protein solution was filled in an EPR tube and gassed with Ar at room temperature for 1 h. Then the gas was exchanged with CO and the protein was incubated in CO atmosphere for 1 h at 50
• C. To maximize the yield of the Ni-A state, the sample was additionally oxidized in air for 2 min at room temperature. The yield of the Ni-B state was maximized by reducing the hydrogenase solution (1.4 mM) with 1 bar of H 2 for 6 h at 37
• C in an EPR tube. Then the sample was oxidized in air during incubation on ice for 10 min. For preparation of the samples in 2 H 2 O a buffer exchange was performed. The hydrogenase solution was diluted (1/200) in 25 mM Tris/ 2 H 2 O buffer, pD = 7.8 (according to pD = pH + 0.41) and subsequently concentrated in a Centricon tube (30 kDa; Millipore). The procedure of dilution and concentration was repeated 10 times. It should be noted that the samples were treated according to the above-described procedures following buffer exchange to 2 H 2 O to maximize the amount of Ni-A or Ni-B respectively.
FTIR spectroscopy
The FTIR experiments of Ni-A and Ni-B hydrogenases were performed at 30
• C for Ni-B and 15
• C for Ni-A on a Bruker IFS 66v/S FTIR spectrometer using an optically transparent thin-layer electrochemical cell in which the potential can be controlled [13] .
ENDOR and HYSCORE spectroscopy
ENDOR and HYSCORE measurements were performed with a Bruker ESP 380E spectrometer and a Bruker dielectric ring resonator (ESP380-1052 DLQ-H) equipped with an Oxford helium cryostat CF 935. For ENDOR, a Davies pulse sequence was used. The length of the π /2 pulse was 56 ns and the RF pulse had a length of 12 µs. The temperature was 10 K and the microwave frequency 9.72 GHz. In the twodimensional-pulse HYSCORE experiment, the pulse sequence of π /2-τ -π /2-t 1 -π -t 2 -π /2-τ -echo [14, 15] was applied with a duration of 16 and 32 ns for the π /2 and π pulses respectively. The experimental settings were T = 10 K, ν mw = 9.77 GHz, τ = 120 ns. A four-step phase cycle was used to eliminate contributions from unwanted echoes from the echo envelope [16] . The baseline of the two-dimensional modulation pattern was subtracted by a polynomial background function of second order. Subsequently, the time traces were multiplied with a Hamming function and zerofilled to 1024 × 1024 points. The data were then Fouriertransformed to obtain magnitude contour spectra.
DFT calculations
All DFT calculations were performed with the ORCA programming package [17] . The B3LYP functional was used within a spin-unrestricted formalism. For the calculation of the hyperfine tensors, the large CP basis [18, 19] was used for Ni and Fe. This basis was augmented with two polarization functions [20] and one additional f function taken from the turbomole library. The iglo-iii basis set was used for all other atoms [21] . An effective spin-orbit coupling operator [22] [23] [24] was employed. The model systems of the active site consist of Ni, Fe, four SCH 2 CH 3 groups to model the cysteine residues, the diatomic ligands of iron (two CN − and one CO), a methyl imidazole group to model His-88 and the bridging ligand. In this work, the following bridging ligands were considered: O 2− (model a), OH − in two possible conformations (models b and c), H 2 O (model d) and OOH − in two conformations (models e and f). The geometries of the models are given in Figure 1 . A geometry was considered to be converged when the change in energy was <10 −5 Hartree (Eh), the average force was <5 × 10 −4 Eh/Bohr and the maximum force was <10 −3 Eh/Bohr. The convergence criteria for the self-consistent field part were chosen to be 10 −6 Eh for the change in energy, 10 −5 Eh for the change of elements of the density matrix and 10 −6 Eh for the maximum element of the direct inversion of iterative subspace error.
Results and discussion
FTIR spectroscopy
The crystal structure of D. vulgaris Miyazaki F [3] (CN) and 2090 cm −1 (CN) for Ni-B (error ±1 cm −1 ). For a good description of the electronic structure of the active site by DFT calculations, it is important to include these ligands correctly. Therefore the model in our DFT calculations is based on the X-ray data of D. vulgaris Miyazaki F modified according to these findings.
HYSCORE and ENDOR spectroscopy
HYSCORE spectra for the Ni-A and Ni-B states in H 2 O and 2 H 2 O are given in Figures 2(a) and 2(b) . The preparation of both Ni-A and Ni-B, after the buffer exchange to 2 H 2 O, is done by first reducing the enzyme to Ni-C followed by reoxidation (see Materials and methods section). The 1 H region of the spectra shows signals of exchangeable protons, indicated in red and green for Ni-A and Ni-B respectively (Figure 2a) . The ridges of the red and green signals, which are shifted upwards with respect to the antidiagonal passing through the 1 H Zeeman frequency (∼14 MHz), appear different, indicating that they belong to strongly, but differently coupled protons of the [NiFe] site. Simulations are shown in Figure 2 (c) and the hyperfine coupling constants, hfcs, are given in Table 1 .
In Figure 2 (d), the 14 N and 2 H region of the spectra measured in 2 H 2 O is presented. Deuterium signals can be observed, indicated in red and green, which are absent in the spectra in H 2 O (results not shown). The other signals in these spectra belong to the 14 N ε of His-88, which is involved in a hydrogen bond to the sulphur of the Ni-co-ordinating Cys-549. Also the ridges of the 14 N cross-peaks (blue) appear different for Ni-A and Ni-B, indicating differences in the electronic structures of these redox states.
Similar observations have been made in single-crystal ENDOR spectroscopy on oxidized single crystals (results not shown). For Ni-B, two bands with shifts of 5 and 6 MHz have been observed. They vary only slightly with the Table 1 ). (d) 14 rotation angle, which indicates that they stem from Cys-βCH 2 protons with a large isotropic and a small anisotropic hyperfine coupling. A third signal is present, which is well separated from the structured matrix peak [10] . §Estimates from the HYSCORE spectra.
close to ν H . This signal varies strongly with orientation and has a frequency shift of approx. 1 MHz at θ = 0 • and 4 MHz near θ = 100
• . For this signal, the isotropic and anisotropic hyperfine interactions are of similar magnitude as those found in the HYSCORE spectra. For Ni-A, the two almost isotropic signals with shifts of approx. 5 MHz as observed for Ni-B remain, the anisotropic signal as observed for Ni-B is not present. The signals in the Ni-A spectra are also somewhat broader than those for Ni-B, which may be caused by different relaxation times (M. van Gastel, M. Stein, M. Brecht, F. Lendzian, R. Bittl, H. Ogata, Y. Higuchi and W. Lubitz, unpublished work).
DFT calculations
Calculations of several geometry-optimized model systems for the active site of D. vulgaris Miyazaki F hydrogenase in the Ni-A and Ni-B oxidation states have been performed (Figure 1) . Calculated hfcs for all the considered models are given in Table 1 . As a starting point, the X-ray structure of the oxidized state for D. vulgaris Miyazaki F was used [3] . Previous calculations indicated that a sulphur-bridging ligand is not compatible with the X-ray structure, since the Ni-Fe distance becomes too large {3.2 Å (1 Å = 0.1 nm) in the calculation [25] and 2.55 Å in the X-ray structure [3] }. Furthermore, from ENDOR experiments of D. gigas hydrogenase in an H 2 17 O-enriched solvent, the bridging ligand was found to be an oxygen species [10] . Therefore, we only considered the X-ray structure for D. vulgaris Miyazaki F with oxygen-based bridging ligands.
For the OH − -bridging ligand, two binding conformations are possible that differ in the orientation of the proton/lonepair direction (Figures 1b and 1c) . For an OOH − ligand, even more orientations are possible. The orientation of the bridging ligands is important when performing DFT calculations, as the calculated hfcs of the bridging 17 O and 1 H will depend on the relative position of this ligand with respect to the spin-carrying 3d z 2 orbital on Ni (see Figure 1) .
Comparison of experimental and calculated data (Table 1) shows that model a with a µ-oxo bridge (O 2− ) is not a good candidate for either Ni-A or Ni-B due to the following reasons: (i) the model lacks an exchangeable proton with an hfc of the correct magnitude that has been detected for both states; (ii) the calculated 61 Ni hyperfine tensor disagrees with the experimental one, in particular with respect to the isotropic value; and (iii) the calculated 17 O hyperfine tensor disagrees with the experimental one (for Ni-A [10] 17 O and a detection of the respective hfcs by ENDOR could solve this discrepancy.
The 1 H hfc tensor of the β-CH 2 group of Cys-549, which is carrying a large portion of the spin-density [25] , is reproduced by all models except a, which indicates that the wavefunction describes satisfactorily the delocalization of spin-density over the [NiFe] site. The 33 S hfc of this residue is calculated to be fairly large in models b-f, as expected. A hydrogen bond formed between the sulphur of Cys-549 and the N ε of His-88 may also be exchangeable. However, the calculated 1 H hfc tensor (Table 1) is significantly smaller than the experimentally observed 1 H hfc tensors of the exchangeable protons in Ni-A and Ni-B. It is therefore concluded that the respective exchangeable protons indeed belong to the bridging ligand between Ni and Fe and not to the H-bond of the histidine.
Summary and conclusions
Both Ni-A and Ni-B have one exchangeable proton that is assigned to the bridging ligand. Comparison between EPR experiments and DFT calculations shows that this ligand is OH − for Ni-B. For Ni-A two models exist at present. In the first one, the bridging ligand is also an OH − but with a different binding geometry. The second model postulates a diatomic-type bridging ligand. The latter is supported by recent X-ray crystallographic data on Ni-A in D. vulgaris Miyazaki F single crystals. Here, the second atom (oxygen) is in a position to block the free co-ordination site at the nickel, leading to inhibition of the hydrogenase similar to the CO-inhibited enzyme [26] .
